Background and objective: Umbilical cord (UC)-derived mesenchymal stem cells (MSCs) have shown immunoregulation of various immune cells. The aim of this study was to investigate the mechanism of UC MSCs in the regulation of peripheral regulatory T cells (Treg) and T helper 17 (Th17) cells in patients with systemic lupus erythematosus (SLE). Methods: Thirty patients with active SLE, refractory to conventional therapies, were given UC MSCs infusions. The percentages of peripheral blood CD41CD251Foxp31 regulatory T cells (Treg) and CD31CD8-IL17A1 Th17 cells and the mean fluorescence intensities (MFI) of Foxp3 and IL-17 were measured at 1 week, 1 month, 3 months, 6 months, and 12 months after MSCs transplantation (MSCT). Serum cytokines, including transforming growth factor beta (TGF-b), tumor necrosis factor alpha (TNF-a), interleukin 6 (IL-6), and IL-17A were detected using ELISA. Peripheral blood mononuclear cells from patients were collected and co-cultured with UC MSCs at ratios of 1:1, 10:1, and 50:1, respectively, for 72 h to detect the proportions of Treg and Th17 cells and the MFIs of Foxp3 and IL-17 were determined by flow cytometry. The cytokines in the supernatant solution were detected using ELISA. Inhibitors targeting TGF-b, IL-6, indoleamine 2,3-dioxygenase (IDO), and prostaglandin E2 were added to the co-culture system, and the percentages of Treg and Th17 cells were observed. Results: The percentage of peripheral Treg and Foxp3 MFI increased 1 week, 1 month, and 3 months after UC MSCs transplantation, while the Th17 proportion and MFI of IL-17 decreased 3 months, 6 months, and 12 months after the treatment, along with an increase in serum TGF-b at 1 week, 3 months, and 12 months and a decrease in serum TNF-a beginning at 1 week. There were no alterations in serums IL-6 and IL-17A before or after MSCT. In vitro studies showed that the UC MSCs dose-dependently up-regulated peripheral Treg proportion in SLE patients, which was not depended on cell-cell contact. However, the down-regulation of Th17 cells was not dose-dependently and also not depended on cell-cell contact. Supernatant TGF-b and IL-6 levels significantly increased, TNF-a significantly decreased, but IL-17A had no change after the co-culture. The addition of anti-TGF-b antibody significantly abrogated the up-regulation of Treg, and the addition of PGE2 inhibitor significantly abrogated the down-regulation of Th17 cells. Both anti-IL-6 antibody and IDO inhibitor had no effects on Treg and Th17 cells. Conclusions: UC MSCs up-regulate Treg and down-regulate Th17 cells through the regulation of TGF-b and PGE2 in lupus patients. Cellular & Molecular Immunology
INTRODUCTION
Systemic lupus erythematosus (SLE) is a systemic autoimmune disease characterized by polyclonal activation of B and T lymphocytes. In addition to Th1 and Th2 cells imbalance, the roles of regulatory T cells (Treg) and T helper 17 (Th17) cells were found played important roles in the pathogenesis of SLE. ment of lupus autoantibodies and glomerulonephritis, 5 suggesting that Th17 cells participated in lupus pathogenesis.
Mesenchymal stem cells (MSCs) are a heterogeneous population of fibroblast-like, multipotent cells characterized by their ability to differentiate in vitro and in vivo into tissues of the mesodermal lineage. Nowadays, it is well established that human MSCs possess immunomodulatory properties on T cells, B cells, dendritic cells, macrophages, and natural killer cells, 6 which makes MSCs an attractive tool for cell-based therapies in graft vs. host disease (GVHD) and autoimmune diseases. [7] [8] Recently, several key mechanisms have been described contributing to the regulation of MSCs on Treg and Th17 cells. Human MSCs induced the trimethylation of histone H3K4 at the promoter of the Foxp3 gene locus, whereas it suppressed trimethylation of the corresponding region in the RORC gene in mixed lymphocyte reactions. These epigenetic changes were associated with the induction of Foxp31 Treg and inhibition of Th17 cells, which was enhanced when MSCs were pre-incubated with interferon gamma (IFN-c) and tumor necrosis factor alpha (TNF-a). 9 However, the regulation of MSCs on Treg/ Th17 cells balance in an autoimmune-diseased environment is unknown.
In the present study, we found that in lupus microenvironment, umbilical cord (UC)-derived MSCs could secrete some functional factors to rebalance the aberrant Treg-and Th17-cell proportions.
MATERIALS AND METHODS
Lupus patients and healthy subjects Totally, 51 SLE patients and 39 healthy subjects were included in this study. All the subjects were given informed consents for the collection of peripheral blood. Clinical study of UC mesenchymal stem cell transplantation (MSCT) for lupus patients was registered in ClinicalTrial. gov (identifier: NCT01741857). Thirty patients underwent MSCs transplantation as previously described. [10] [11] This study was approved by the Ethics Committee at The Affiliated Drum Tower Hospital of Nanjing University Medical School and was conducted in accordance with the principle set forth under the 1989 Declaration of Helsinki.
Antibodies and reagents
The following antibodies (to human) were from BD Biosciences (BD Pharmingen, Fremont, CA, USA): fluorescein isothiocyanate (FITC)-conjugated anti-human CD3 (OKT3), anti-CD4 (11830), phycoerythrin (PE)-conjugated antihuman CD4 (11830), IL-17A, allophycocyanin (APC)-conjugated anti-human CD8 (RPA-T8), CD25 (M-A251), and their respectively isotype-matched control antibodies (mouse IgG1, mouse IgG2a). The following antibodies were from eBioscience (San Diego, CA, USA): PE-Cy7-conjugated Foxp3 (PCH101), FITC-conjugated anti-human CD29, CD73, CD90, PE-conjugated anti-human CD45, CD34, CD14 anti-CD79, and APCconjugated anti-human CD105 and anti-HLA-DR. Purified anti-human CD3 (OKT3), CD28 (CD28.2) (no azide and low endotoxin), anti-human TGF-b and IL-6 antibodies were all from R&D Systems (Minneapolis, MN, USA). PGE2 inhibitor, CAY10404, was from Cayman Chemical. 1-Methyl-DL-tryptophan (1-MT, indoleamine 2,3-dioxygenase (IDO) inhibitor) was from Sigma-Aldrich (St. Louis, MO, USA). Human TGF-b1, TNF-a, IL-6, IL-17 ELISA kits were from BioLegend (San Diego, CA, USA).
Isolation and culture of umbilical cord-derived MSCs Fresh UCs were obtained from informed consents and healthy mothers in local maternity hospitals after normal deliveries. The cords were rinsed by phosphate-buffered saline (PBS), and cord blood was removed. The washed cords were cut into 1 mm 2 -sized pieces and subsequently incubated at 37 uC in humid air with 5% CO 2 in Dulbecco's modified Eagle's medium with low glucose containing 10% fetal bovine serum (FBS). Non-adherent cells were removed by washing. After 10 days, fibroblast-like cells appeared and were trypsinised and passaged into a new flask for further expansion. Cell surface markers were assessed by flow cytometric analysis showing that CD29, CD73, CD90, and CD105 expression was .95%, in parallel with CD45, CD34, CD14, CD79, and HLA-DR expression ,2%. Moreover, the capacity of MSC that differentiate along adipogenic and osteogenic lineages was also assayed in vitro.
Isolation and culture of peripheral blood mononuclear cells Peripheral blood mononuclear cells (PBMCs) were isolated from active lupus patients and healthy controls at the same time point, then were co-cultured with UC-MSCs for 72 h at ratios of 1:1, 10:1, and 50:1, respectively. In some experiments, anti-TGF-b antibody, anti-IL-6 antibody, PGE2 inhibitor (CAY10404), and/or IDO inhibitor (1-MT) were added to neutralize cytokine, and transwell system (0.4 mM pore size, Millipore) was used to block cell-cell contact. After 3-day culture, cells were harvested for examining by flow cytometry.
Flow cytometry analysis and ELISA PBMCs were resuspended in PBS containing 1% bovine serum albumin and 0.1% sodium azide. For the staining of surface antigens, cells were incubated with FITC-, PE-, PE-Cy7-, or APC-conjugated monoclonal antibodies or their negative control antibodies as indicated for 30 min on ice. Intracellular staining of Foxp3 and IL-17A was performed. We detected the amounts of TGF-b1, TNF-a, IL-6, and IL-17 in the conditioned media and/or human serum with ELISA Kits (eBioscience or BioLegend) according to the manufacturer's instructions. 
Statistical analysis
We used the t-test for statistical analysis for parametric data and the Mann-Whitney U test for non-parametric data. Oneway analysis of variance was used when there were more than two groups, and then followed by Bonferroni test among different groups. We performed statistical analyses with SPSS16.0 software and GraphPad Prism 4.3 and considered a P value less than 0.05 as significant. Data are shown as means 6 standard error of mean.
RESULTS

Patients information
Thirty SLE patients who were refractory to conventional therapies underwent UC MSCT, in which 26 patients were reported previously. 11 Another 21 lupus patients with active disease were enrolled for the collection of peripheral blood for in vitro experiments. The clinical features of the SLE patients as well as healthy controls were listed in Table 2 . 
Soluble factors increase in the lupus microenvironment
Based on the transwell culture system, we know that soluble factors may mediate the regulation of Treg and Th17 cells in lupus patients by UC MSCs. The currently reported factors mostly involve TGF-b, IL-6, PGE2, and IDO, so next we wanted to discover whether these factors increased in the coculture of UC MSCs with lupus PBMC and healthy PBMC. After 72 h, the culture supernatant levels of TGF-b, IL-6, and PEG2 were assessed using ELISA. The IDO enzyme activity that was evaluated by kynurenine levels was detected by high-performance liquid chromatography (HPLC), as previously reported. Our results showed that all of these molecules increased in the culture supernatants when UC MSCs were co-cultured with lupus PBMC (Figure 3a-d) . The production of these functional factors was mediated by the interactions between lupus PBMC and UC MSCs because neither patient PBMC nor UC MSCs secreted large levels of these cytokines alone. These data underscored the finding that the lupus microenvironment promotes UC MSCs to produce functional factors. To confirm our hypothesis, serum from both active lupus patients and healthy subjects was used to treat UC MSCs, and FBS was used as a control. After 48 h, the production of TGF-b, IL-6, PGE2, and IDO was detected using real-time PCR. Consistent with the above results, lupus serum promoted UC MSCs to secrete higher levels of TGF-b, COX-2, IL-6, and IDO compared with FBS, where both TGF-b and IDO significantly increased when stimulated by lupus serum compared with healthy serum-stimulated cultures (Figure 3e-h ).
TGF-b produced by MSCs mediates the up-regulation of Treg
First, we wanted to know which factor mediates the regulation of Treg by MSCs in SLE. Two antibodies that target TGF-b and IL-6 were used. In the co-culture of UC MSCs and lupus PBMC, TGF-b, or IL-6 antibodies (5 mg mL 21 and 10 mg mL 21 , respectively) was added. After 72 h, we found that the addition of anti-TGF-b antibody could significantly abrogate the up-regulation of Treg by MSCs (PBMC: 4.17% 6 1.59%, PBMC 1 MSCs: 7.85% 6 3.54%, PBMC 1 MSCs 1 antiTGFb: 4.58% 6 2.10%, PBMC 1 MSCs 1 anti-IL6: 5.74% 6 1.65%, PBMC 1 MSCs 1 anti-TGFb 1 anti-IL6: 4.03% 6 1.87%; PBMC vs. PBMC 1 MSCs P 5 0.0022, PBMC 1 MSCs vs. PBMC 1 MSCs 1 anti-TGFb P 5 0.026, PBMC 1 MSCs vs. PBMC 1 MSCs 1 anti-TGFb 1 anti-IL6 P 5 0.0166) (Figure 4a , , and IL-17A (f) were determined using ELISA. In the co-cultures of lupus PBMC and UC MSCs (10:1), transwells were used, and 72 h later, the percentages of CD41CD251Foxp31 Treg (g) and CD41IL17A1 Th17 (h) were assessed by flow cytometry. *P , 0.05, **P , 0.01, ***P , 0.001, n.s., no significance.
PGE2 produced by MSCs mediates the down-regulation of Th17 cells
Next, we wanted to know which factor(s) mediated the regulation of Th17 cells in lupus. The IDO inhibitor, 1-MT, or the PGE2 inhibitor, CAY10404, alone or in combination, was added in the co-culture of UC MSCs and lupus PBMC. After 72 h, we found that CAY10404, but not 1-MT, significantly reversed the inhibition of the Th17 cell percentage by UC MSCs (PBMC: 5.11% 6 2.85%, PBMC 1 MSCs: 3.06% 6 1.10%, PBMC 1 MSCs 1 1 MT: 3.10% 6 1.52%, PBMC 1 MSCs 1 CAY10404: 4.55% 6 1.96%, PBMC 1 MSCs 1 1 MT 1 CAY10404: 4.22% 6 1.32%; PBMC vs. PBMC 1 MSCs 
DISCUSSION
The number and function of Treg cells are found to be defective in lupus patients, and Treg alterations reflect changes in SLE disease activity index (SLEDAI) with a high sensitivity (87.7%). 12 Moreover, the frequency of Th17 cells, as well as the related cytokines in the serum, including IL-6, IL-1b, and IL-23, and signal transducer and activator of transcription 3 activity, was higher in SLE patients and down-regulated by disease treatment. 13 Breaking the Th17/Treg balance in peri- , and PGE2 (c) were assessed by ELISA. The culture supernatant kynurenine levels were assessed by HPLC (d). Sera from healthy controls and active SLE patients were collected and used to stimulate UC MSCs in vitro at a concentration of 10%. FBS was used as control. After 48 h, the mRNA levels of TGF-b (e), COX-2 (f), IL-6 (g), and IDO (h) were analyzed by real-time PCR. *P , 0.05, **P , 0.01.
pheral blood may play an important role in the development of SLE and could be responsible for an increased pro-inflammatory response, especially in the active form of the disease.
14 However, an IL-17 inhibitor has not been considered for the clinical treatment of lupus patients. 15 An IL-6 receptor antagonist, tocilizumab, induced short-term disease remission in some cases of lupus nephritis 16, 17 but with high rate of relapse after long-term follow-up, 18 suggesting that directly inhibiting Th17 cells and its related cytokines was not appropriate for lupus treatment. A recent study by Schmidt et al. showed that IL-17A deficiency did not affect the morphological or functional parameters in MRL/lpr mice with lupus nephritis, nor did IL-17A neutralization affect the clinical course of nephritis in NZB/NZW mice, suggesting that the Th17/IL-17A immune response plays no major role in the immunopathogenesis of lupus nephritis in MRL/lpr and NZB/NZW mice. 19 In vitro, both autologous and allogeneic Treg cells can be satisfactorily isolated, expanded, and successfully adoptively transfused into patients with chronic GVHD. 20 However, the long-term follow-up revealed some adverse events, such as malignant melanoma or skin cancer. Moreover, the expense of Treg expansion in vitro is much higher for a wider clinical application, so there are only several clinical studies considering the infusion of Treg for treatment in patients, and the direct infusion of Treg cells or inhibiting Th17 cells was not considered appropriate as a clinical application.
MSCT has been used in the clinic for many diseases including GVHD, autoimmune diseases, ischemic diseases, and decompensated liver cirrhosis. Our phase 1, phase 2, and multi-center studies have all showed satisfactory safety profiles and clinical effects of UC MSCs transplantation for lupus patients [10] [11] 21 ; however, the underlying therapeutic mechanisms must be emphasized. In our previous short-term followup data, we showed that allogeneic MSCs transplantation sig- nificant ameliorated disease activity in lupus patients and upregulated peripheral blood Treg and serum TGF-b simultaneously. 10 In the present study, we also showed that UC MSCs up-regulated TGF-b and Treg both in vivo and in vitro in lupus patients. TGF-b played an important role in the maintenance and survival of both naturally occurring Treg and induced Treg cells, 22, 23 and we demonstrated that anti-TGFb antibody or TGF-b siRNA could abrogate the up-regulation of Treg by MSCs. Moreover, in the stimulation of the lupus microenvironment, MSCs produced higher levels of TGF-b than in normal circumstances. These data underscored that MSCs could interact with the lupus environment and secret functional molecules to induce immune-tolerance. In another autoimmune disease model of systemic sclerosis, we found that allogeneic MSCs induced T-cell apoptosis by Fas/FasL, stimulating macrophages to secret TGF-b, then up-regulated Treg in vivo and in vitro. 24 These results also revealed that TGF-b played a very important role in Treg regulation. However, in lupus patients, whether the increased TGF-b was produced by only MSCs or by other immune cells such as macrophages needs further investigation.
In normal individuals, the effect of MSCs on Th17 cells has been reported to be different. IFN-c and TNF-a synergistically enhanced the expression of CD54 by MSCs, enabling the CCR6 chemokine ligand CCL20 to induce the in vitro adhesion of Th17 cells to MSCs. MSCs prevented the in vitro differentiation of naive CD41 T cells into Th17 cells and inhibited the production of IL-17, IL-22, IFN-c, and TNF-a by fully differentiated Th17 cells. 25 Another study also confirmed that MSCs can potently inhibit Th17 differentiation, and this suppression requires cell-contact-dependent COX-2 induction, resulting in the direct Th17 inhibition by PGE2 via EP4. 26 However, the study by Eljaafari et al. indicated that interaction of PBMC with bone marrow MSCs promoted Th17 cell expansion as early as 24 h. IL-17A production was also increased in PBMC stimulated with anti-CD3 plus anti-CD28 antibodies. 27 Later, Carrió n et al. revealed that the state of CD41 T-cell activation directed the effect of MSCs on Th17 cells. Early addition (day 0) of MSCs suppressed the Th17 cell lineage, but addition at day 3 markedly increased IL-17 production by Th17 polarized cells by 50%, 28 which may partly explain the different conclusions in different studies regarding the effects of MSCs on Th17 cells.
In the present study, we showed that the inhibition of Th17 cells by UC MSCs was mediated by PGE2, but not IDO, IL-6, or TGF-b. However, the addition of PGE2 inhibitor did not completely abrogate the inhibitory effect on Th17 cells, which indicated that other unknown factors are also involved in the regulation on Th17 cells by MSCs. For example, in mouse models, Qu et al. showed the IL-10-mediated inhibition of Th17 cell production, which depended on STAT5 activation. 29 Thus, other functional molecules including IL-10, HLA-G, hepatocyte growth factor, and heme oxygenase 1 could be assessed in future studies.
It is well established that MSCs and the immune system interact closely. During an immune response, the inflammatory cytokines, such as TNF-a, IFN-c, IL-1b, and IL-1a, which are produced by T cells and antigen-presenting cells, modulate the function of MSCs, leading to the release of immunosuppressive factors, the altered expression of surface molecules or the production of growth factors. These factors/molecules are crucial components for immunoregulation and tissue repair by MSCs. 30 In multiple sclerosis, human bone marrow MSCs increased Th17 responses. However, pretreating MSCs with the proinflammatory cytokine IL-1 accentuated these effects and caused decreases in the Th17 subset. 31 Our recent work also showed that lupus patient-derived CD81 T cells that produced IFN-c could stimulate MSCs to express large amount of IDO, which mediated the inhibition of responsive T-cell proliferation. 32 Here, we showed that when co-cultured with lupus patient-derived PBMC or stimulated by the serum of lupus patients, MSCs expressed higher levels of IDO, IL-6, TGF-b, and PGE2, in which TGF-b and PGE2 mediated the modulation of Treg and Th17 cell subsets, respectively. However, which molecule stimulated the function of MSCs is unknown and requires more studies.
In conclusion, in the present study we showed for the first time that UC MSCs interact with the lupus patient envir- onment and secrete TGF-b to up-regulate Treg and PGE2 to down-regulate Th17 cells.
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